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Abstract 
Swimsuit development took a massive leap forward in 2008 with the introduction of full body suits and again in 2009 
with the development of the 'Speedo LZR' suits with polyurethane panels and later with all polyurethane suits such as 
the 'Arena X-Glide'.  The improvements seen in swimsuit technology were accompanied by a significant rise in elite 
performance across the majority of the swimming events.  The unprecedented numbers of World records being set at 
the 2008 Beijing Olympics Games and the 2009 Rome World Swimming Championships led FINA, the governing 
body of swimming to question the use of the swimsuits.  Following the investigation, new swimsuit specifications 
were implemented and took effect from January 1st 2010. The new regulations effectively banned all advances in 
swimsuit technology. 
The top 25 times in each year going back to 1948 were used to assess the effects of swimsuit technology using a 
performance improvement index.  This allowed a 5-parameter regression model to be created to quantify the size of 
the step changes in performance caused by the new swimsuits.   
The following was found: the introduction of full body swimsuits in 2000 increased performance in the men’s 
freestyle between 0.9 and 1.4%; the introduction of polyurethane panels in 2008 increased performance by an 
additional 1.5-3.5%.  The use of full body polyurethane suits in 2009 increased this performance further and by up to 
5.5%.  The women’s freestyle showed similar but smaller increases in performance and the performance advantage of 
the suits was most evident in the sprint events. 
It was hypothesized that the suits reduced the cross sectional area of the swimmer and the drag coefficient CD
leading to a reduction in the drag force.  The increase in performance may have been reduced by the fatiguing effect 
of the relatively stiff swimsuits which would have impacted more in the longer events with a large number of turns. 
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1. Introduction 
From the start of modern swimming competition there has been controversy surrounding the use of 
new swimsuit technologies. In the 1930s silk costumes were developed which were lighter and absorbed 
less water than the traditional woollen costumes of the time. These suits undoubtedly gave a performance 
advantage. In recent times, the late 1990s saw the development of fabric materials deemed to produce less 
hydrodynamic drag than shaved skin. The outcome of these new fabrics was to revolutionise swimsuit 
design with increased body coverage [1]. New suits for men included the “Jammer” (knee to navel), “Leg 
Skin” (ankle to navel), and the full body suit. For women the “knee suit” (knee to shoulders) and the full 
body suit were also adopted. In 1999 the use of the new style of suits was sanctioned by FINA, the 
national governing body of swimming, when a rule was introduced to allow the use of full body fabric 
swimsuits. Although the 2000 Olympics saw 10 World records being set in the long course freestyle 
event, these newly developed suits continued to be developed. 
The next significant development in swimsuits was in 2008, when Speedo launched the LZR full body 
swimsuit. What was different about the LZR was that panels of polyurethane were strategically located on 
the full body suit, which were claimed to reduce drag. In 2009, companies like Arena and Jaked released 
their own rival suits and instead of containing only panels these new suits were completely constructed 
from polyurethane materials, claiming to reduce hydrodynamic still drag further. The use of the new 
swimsuits caused controversy and the media dubbed the recent advances as “technological doping” [2] 
with 25 and 47 World records set in the long course in 2008 and 2009 respectively. In particular the long 
course freestyle event saw 17 world records set in 2008 with a further 16 in 2009 (figure 1).  
During the 2009 season FINA reviewed the specifications of swimsuits and decided to enforce a rule 
stating that the use of non-fabric materials as well as full-length body suits would be banned in 
competition from the 1st of January 2010 [3]. The new regulations effectively barred all recent advances 
in swimsuit technology.  The current swimsuits certified for use in competition are the “Jammer style” for 
the men and a “knee suit” for the women, similar to those seen in 2000. 
Fig. 1. Number of world records set in long course men’s and women’s freestyle swimming event from 1990 
2. Gauging athletic performance: The performance improvement index 
Performance improvements in athletic events have been previously examined by Haake [4] who 
proposed the use of a performance improvement index (PII) to allow comparisons between athletes and 
disciplines, with the aim of quantifying the effects of technology in different sports.  Haake argued that 
when moving at a constant speed, the retarding force is equal to the propulsive driving force of an athlete 
and, therefore, the useful work done is the product of this force and the race distance. Assuming a fixed 
race distance, fluid density and frontal area, the ratio of work done cancels down to the squared ratio of 
two comparable performance times given by the equation, 
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where t0 is the reference performance time and t is the comparison performance time in seconds.   
To keep performance models as simple as possible it was stipulated in previous work [5] that only 
performance data from 1948 onwards would be valid for use without the need to consider the effects of 
the two World Wars. 
The most complete performance data available in swimming from 1948 to 2011 is the yearly top 3 
performances for men’s 100 m, 200 m, 400 m and 1500 m and the women’s 100 m and 200 m freestyle 
events. The data set from 1990 contains the top 25 performances [6] for all long course freestyle events 
[5,7]. These lists contain only the top time of each athlete in any one year. This data has the advantages 
that it is available for every year (compared to the 4 yearly cycle of the Olympics) and can go down as 
well as up (unlike World records which only improve).  In this study, the mean of the top three was used 
to describe the history of freestyle long course swimming performances going back to 1948 while the 
mean of the top 25 was used for detailed analysis of the effects of swimsuit design from 1990 onwards. 
3. Modelling improvements in sport 
Swimming performance, like all athletic performance, has increased since the inception of modern 
international competition. Applying the performance improvement index to the mean of the top three 
from 1948, the increase in long course freestyle swimming performance each year is shown in figure 2.  It 
can be seen that performance increases rapidly from 1948 onwards and levels off, particularly in the 
1980s.  Improvement appears to increase with event distance and the women’s performance has improved 
more than the men’s. Often, data such as this has been modelled through the use of exponential decay 
functions since they are a good way of modelling the diminishing improvements and allow for a 
theoretical limit to be predicted [7-9]. The main factor that is believed to drive the increase in athletic 
performance is an increase in the size of the competing population, which is related to the size of the 
global population [5].  Modern swimsuits have only appeared since the 1990s and figure 2 shows that the 
underlying trend after this period could be modelled by a much simpler linear function.  Luckily, this 
coincides with the data set containing the top 25 performances, which is only available from 1990 (not 
shown on the graph).  The application of a regression model to the data in figure 2 can be used to estimate 
the key features of the data and an ‘improvement function’ can be created by using a linear fit to model 
the underlying global changes from 1990 and step changes to account for the introduction of different 
swim suit designs in 2000, 2008 and 2009.  
Fig. 2. Mean of the top 3 swimming performance data converted in to a performance improvement index from 1948 in the long 
course freestyle events for (a) men, and (b) women 
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5. Results 
The improvement function generator was used to determine the 5 model parameters for the 
performance improvement index along with associated statistical parameters for all men’s and women’s 
freestyle events using data for the averages of the top 25 from 1990 onwards.  The magnitude of the step 
changes in 2000, 2008 and 2009 of the performance improvement index for all the swimming events is 
shown in figure 4.  Table 1 shows in addition the performance improvement in seconds and the 95 % 
confidence bounds. 
A number of features can be seen in the men’s data: (1) for the 2000 swimsuit change, the PII increase 
was relatively similar for all events with a maximum improvement of around 1.4%; (2) the 2008 swimsuit 
increased the PII by up to 3.5% but decreased with distance; (3) the 2009 swimsuit change increased the 
PII by up to 5.5% and again decreased with distance.  The results for the women’s events showed broadly 
similar trends except that some events showed either very small or negative changes.  Some of the 
changes in PII are masked by large error bounds with mean values of 1.2, 1.4 and 1.5% for 2000, 2008 
and 2009 respectively. 
Table 1. The magnitude of the step changes accounting for the various evolutionary stages of the full body suit for all freestyle 
swimming events (+/- indicates the SSE) 
Fig. 4.  The magnitude of the step changes accounting for the various evolutionary stages of the full body suit for all freestyle
swimming events shown in units of (a) percentage improvement in the performance improvement index and (b) reduction of race 
time in seconds (+/- indicates the SSE) 
2000–Fullbodysuits 2008–Polyurethanepanels 2009–FullPolyurethanesuits
Gender Event PII(%) +/Ͳ (s) +/Ͳ PII(%) +/Ͳ (s) +/Ͳ PII(%) +/Ͳ (s) +/Ͳ
Men
50m 1.00 1.29 Ͳ0.11 0.15 3.46 1.56 Ͳ0.39 0.17 5.53 1.58 Ͳ0.62 0.18
100m 1.18 1.10 Ͳ0.30 0.27 3.26 1.33 Ͳ0.81 0.33 3.90 1.35 Ͳ0.97 0.33
200m 1.01 1.03 Ͳ0.55 0.56 2.38 1.26 Ͳ1.29 0.68 3.29 1.28 Ͳ1.78 0.69
400m 1.13 0.91 Ͳ1.30 1.05 2.26 1.11 Ͳ2.62 1.27 2.02 1.12 Ͳ2.33 1.29
800m 1.36 1.51 Ͳ3.28 3.63 1.48 1.82 Ͳ3.56 4.38 2.44 1.85 Ͳ5.88 4.43
1500m 0.91 1.02 Ͳ4.16 4.69 2.45 1.25 Ͳ11.19 5.69 1.44 1.27 Ͳ6.58 5.79
Women
50m 0.84 1.17 Ͳ0.11 0.15 2.63 1.40 Ͳ0.34 0.18 3.62 1.42 Ͳ0.47 0.18
100m 0.89 1.19 Ͳ0.25 0.33 2.10 1.43 Ͳ0.59 0.40 3.35 1.45 Ͳ0.94 0.40
200m Ͳ0.10 1.09 0.06 0.66 2.19 1.34 Ͳ1.32 0.80 2.36 1.35 Ͳ1.42 0.81
400m Ͳ0.21 0.89 0.26 1.13 1.88 1.10 Ͳ2.37 1.37 1.97 1.11 Ͳ2.47 1.39
800m 0.58 1.15 Ͳ1.51 2.97 1.35 1.48 Ͳ3.49 3.81 1.49 1.41 Ͳ3.83 3.63
1500m 1.37 1.88 Ͳ6.84 9.35 Ͳ0.29 2.38 1.48 11.96 0.71 2.26 Ͳ3.56 11.32
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6. Discussion 
It is clear from figure 4 that the introduction of new swimsuits increased performance in the majority 
of events between 2000 and 2010 in addition to the expected global improvement that would have taken 
place anyway.  For example, performance in the men’s 50 m freestyle was improved by the introduction 
of full body suits in 2000 by around 1%, then by an additional 3.5% with the introduction of polyurethane 
panels in 2008 or 5.5% with the use of polyurethane over the whole body in 2009.  Similar, but smaller 
increases tended to be seen in almost all the other men’s distances and in the women’s events.   
The drag of a swimmer with cross sectional area A travelling through water of density U at velocity v is 
given by FD=0.5UACDv2, where CD represents the drag coefficient of the swimmer and swimsuit.  
Reportedly, one of the reasons the swimsuits improve performance is because of a reduction in A caused 
by the body being compressed by the stiff materials.  A second reason is due to the reduction in CD
through either a lower skin friction or the delayed separation of the water off the body, or both.   
Since the drag force is also proportional to the square of the swimming velocity then the it is higher for 
sprint distances than for longer distances (approximately 80% larger for the men’s 50 m than the 1500 m 
for the same swimmer).  This means that a proportionate change in A or CD might affect the sprint events 
more than the longer distances and might be why the PII step changes are larger in the sprint events, 
especially in 2008 and 2009. 
It has been reported anecdotally that the full body polyurethane swimsuits are relatively stiff and 
difficult to put on.  This might also affect fatigue in athletes competing in the longer events in which there 
are a large number of turns (for instance the 1,500 m has 29 turns in a 50 m pool).  It is possible, 
therefore, that this is another reason why the longer events have tended to see smaller relative 
improvements in performance. 
7. Conclusion 
In conclusion, there is compelling evidence that the introduction of new swimsuits in 2000, 2008 and 
2009 caused performance in freestyle swimming to improve.  The largest improvements were seen in the 
men’s sprint events with full polyurethane suits causing an increase of 5.5% in the 50 m freestyle on top 
of the 1% increase when full body suits were introduced in 2000.  Women’s events saw similar but 
smaller changes.  It was concluded that the most likely cause for the improvements were the reduction in 
cross sectional area of the swimmer presented to the water and of the drag coefficient CD.  The relative 
increases may have been reduced in the longer events because of the stiffness of the suits causing fatigue. 
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